We examined whether coronary risk factors and atherosclerotic lesions in the study artery were associated with impaired endothelium-dependent dilation of coronary resistance arteries. Acetylcholine (ACH) at graded doses (1, 3, 10 and 30 micrograms/min) and papaverine (10 mg) were selectively infused into the left anterior descending coronary artery of 28 patients, in whom the study artery was angiographically normal (n = 16) or with mild stenosis < or = 40% (n = 12). Coronary blood flow (CBF) was estimated from the product of mean CBF velocity measured by an intracoronary Doppler catheter and the arterial crosssectional area of the study artery determined by quantitative arteriography. ACH increased CBF in a dose-dependent manner. However, the maximum CBF response to ACH varied widely among patients (from 50% to 660%). By multivariate analysis, the presence of atherosclerotic lesions in the study artery was an independent predictor for impaired CBF response to ACH (P < 0.01). Hypertension (P < 0.001), hypercholesterolemia (r = -0.52, P < 0.005), age > or = 50 yr (P < 0.01) and total number of coronary risk factors (r = -0.62, P < 0.001) were associated with the impaired increase in CBF with ACH by univariate analysis. The percent increase in CBF evoked with papaverine did not correlate with these risk factors. The results suggest that mild atherosclerotic lesions […] Abstract We examined whether coronary risk factors and atherosclerotic lesions in the study artery were associated with impaired endothelium-dependent dilation ofcoronary resistance arteries. Acetylcholine (ACH) at graded doses (1, 3, 10 and 30 ,g/min) and papaverine (10 mg) were selectively infused into the left anterior descending coronary artery of 28 patients, in whom the study artery was angiographically normal (n = 16) or with mild stenosis -40% (n = 12). Coronary blood flow (CBF) was estimated from the product of mean CBF velocity measured by an intracoronary Doppler catheter and the arterial cross-sectional area of the study artery determined by quantitative arteriography. ACH increased CBF in a dose-dependent manner. However, the maximum CBF response to ACH varied widely among patients (from 50% to 660%). By multivariate analysis, the presence of atherosclerotic lesions in the study artery was an independent predictor for impaired CBF response to ACH (P < 0.01). Hypertension (P < 0.001), hypercholesterolemia (r = -0.52, P < 0.005), age _ 50 yr (P < 0.01) and total number of coronary risk factors (r = -0.62, P < 0.001) were associated with the impaired increase in CBF with ACH by univariate analysis. The percent increase in CBF evoked with papaverine did not correlate with these risk factors. The results suggest that mild atherosclerotic lesions in the study artery and coronary risk factors are accompanied by impaired endothelium-dependent dilation of coronary resistance arteries evoked with ACH. Endothelial dysfunction of coronary resistance arteries may result in altered regulation of myocardial perfusion in patients with mild coronary atherosclerosis and coronary risk factors. (J. Clin. Invest. 1993. 91:29-37.) 
Introduction
It has been recognized that the vascular endothelium plays a pivotal role in regulating vascular smooth muscle tone (1) (2) (3) (4) (5) . Studies in animals and humans demonstrated that a variety of pathologic settings such as vasospasm, hypercholesterolemia, hypertension, and atherosclerosis are associated with impaired endothelium-dependent vasorelaxation (6) (7) (8) (9) (10) (11) (12) (13) . Recent studies in humans have demonstrated that angiographically normal coronary arteries dilate and the arterial segments with atherosclerotic lesions constrict with acetylcholine (ACH)' infusion ( 14, 15 ). It has been shown that risk factors for coronary artery disease are associated with impaired ACH-induced vasodilation in patients with angiographically normal coronary arteries ( 16) . These lines of evidence imply that endothelial dysfunction of large epicardial coronary arteries develops with atherosclerosis and coronary risk factors. However, these previous studies have only studied the effect of atherosclerosis on endothelium-dependent dilation of large epicardial coronary arteries.
Recent studies have demonstrated that endothelium-dependent vasodilation occurs in resistance arteries ( 17, 18) . Nitric oxide, which accounts for the biological activity ofendothelium-derived relaxing factor ( 19) , is synthesized from L-arginine (20) . It has been shown that L-arginine analogues, which inhibit synthesis of nitric oxide from L-arginine (20) , decrease coronary blood flow (CBF) (21, 22) . The latter results suggest that endothelium-dependent vasodilation of resistance artery plays an important role in determining CBF, in that Chilian et al. (23) have demonstrated that myocardial perfusion is determined predominantly by small resistance arteries > 200 ,um in diameter. An impaired dilation of peripheral and coronary resistance arteries in response to ACH has been reported in patients with hypercholesterolemia (24, 25) . In animals with atherosclerosis in large conduit arteries, endothelium-dependent dilation of resistance coronary artery evoked with ACH is impaired (26) (27) (28) (29) . These findings suggest that pathophysiological manifestation of atherosclerosis may extend into the resistance artery which is free of histological evidence of atherosclerosis. To date, however, few studies have examined whether endothelial function of coronary resistance arteries is altered by the presence of proximal atherosclerotic lesions and coronary risk factors in humans. Zeiher et al. (30) demonstrated that endothelium-dependent vasodilation of resistance coronary artery evoked with ACH was less in normocholesterolemic patients with mild nonobstructive coronary artery disease than those without.
This study aimed to determine if risk factors for coronary artery disease and mild atherosclerotic lesions in the proximal portion of the study artery alter endothelium-dependent dilation of coronary resistance arteries in humans. For this purpose, responses of CBF to intracoronary infusions of ACH (an endothelium-dependent vasodilator) and to an intracoronary injection of papaverine (an endothelium-independent vasodilator) were examined, and the effects of nsk factors and proximal atherosclerotic lesions on CBF responses to drugs were examined by multiple regression analysis. The results indicated that the presence of atherosclerotic lesions in the proximal artery and coronary risk factors are associated with impaired vasodilating response of resistance coronary artery to ACH. Methods Patients. The study was done in 38 patients undergoing diagnostic coronary arteriography. We examined the effects of coronary risk factors and the presence of a mild atherosclerotic lesion in the proximal left anterior descending coronary artery (LAD) on CBF response to ACH in 28 patients, in whom LAD (i.e., the study artery) was angiographically normal or with a mild diameter stenosis -' 40%. We examined the effects ofergonovine on CBF response in 5 other patients with angiographically normal coronary arteries and 5 with mild atherosclerotic lesions in the study artery. Patients with myocardial infarction, unstable angina, variant angina, valvular heart diseases, or heart failure were excluded from the study. Patients who had evidence ofleft ventricular hypertrophy determined by either electrocardiographic criteria or the left ventricular mass index of > 100 g/m2 estimated by biplane left ventriculogram (the lower limit of normal range in our laboratory was < 100 g/m2) were excluded.
Coronary risk factors examined in this study included age > 50 yr, hypercholesterolemia > 220 mg/dl, hypertension, cigarette smoking, and a family history ofcoronary artery disease. Total serum cholesterol was measured by an enzymatic method. No patients were on cholesterol lowering agents before study. Hypercholesterolemic patients who had a family history of hypercholesterolemia, thickening of Achilles tendon, or xanthoma (i.e., familial hypercholesterolemia) were excluded. Hypertension was defined as systolic and/or diastolic blood pressure > 160 and/or 95 mmHg, respectively. Hypertensive patients were being treated with various antihypertensive drugs. Patients were considered as smokers when they had a habit of cigarette smoking or had stopped smoking within 3 mo before the study. A positive family history of coronary artery disease was thought to be present when one or more of siblings or parents had documented coronary artery disease before the age of 60 yr. Diabetes mellitus was diagnosed by the glucose tolerance test. No patients examined in this study had diabetes mellitus.
The severity of an atherosclerotic lesion was assessed by coronary angiograms recorded after an intracoronary administration of isosorbide dinitrate of 2.0 mg. 28 patients in whom the effects of ACH were studied were divided into two groups based on the angiographic findings of LAD (Table I) ; those with angiographically normal LAD without luminal irregularities or stenosis and those with luminal irregularities or diameter stenosis -' 40%. Patients who had diameter stenosis > 40% in LAD were excluded from the study. Of the patients with normal LAD, 10 patients had mild atherosclerotic lesions (diameter stenosis ' 50%) in the left circumflex coronary artery (LCX) and/or right coronary artery (RCA), and six patients had no luminal irregularity or stenosis in LCX and RCA. Of the patients with atherosclerotic lesions in LAD, 7 patients had mild atherosclerotic lesions in LCX or RCA, and 5 patients had a diameter stenosis of 51% to 90% in RCA and/or LCX. None of these patients with atherosclerotic lesions in LAD had diameter stenosis > 90% nor the visible collateral anastomosis on coronary angiograms. Clinical profiles of the patients are shown in Table I . 10 patients in whom the effect of ergonovine on the CBF response was studied had variable degrees of stenosis from zero to 75% in LCX or RCA.
The research protocol of this study was approved by the Institutional Committee Board for clinical research. Written informed consent was obtained from each patient.
Quantitative coronary angiography. Coronary cineangiograms were recorded using a cineangiographic system (Siemens Corp., Iselin, NJ). Nonionic contrast material (Iohexol 350, Dai-ichi Sei-Yaku Pharmaceutical Co., Tokyo, Japan) was injected by a power injector in the amount of 7 ml. An appropriate view that allowed visualization of the proximal LAD with no overlap of the other coronary arteries was selected to determine the cross-sectional area (CSA) of LAD at the segment of 2-4 mm distal to the tip of the Doppler catheter. The CSA of the proximal LAD was determined using a cinevideodensitometric analysis system (coronary analyzer, model XR-70, Vanguard Corp., Melville, NY) (31) . The end-diastolic frames of single-plane angiograms were selected and projected with a Vanguard projector. The images ofthe LAD segment that contained the tip ofthe Doppler catheter were acquired into the analyzer through a video camera with twofold magnification and were digitized. The two or more fixed anatomical structures serving as references (i.e., branch points) were determined to allow assessment of serial changes in the CSA during drug infusions. The CSA of the LAD segment of 2-4 mm length was measured three times or more by a preprogrammed microprocessor system.
The size ofthe catheter was used as a reference to calculate the absolute CSA in mm. The mean CSA of the segment during infusion of each drug was used for later analysis. The interand intra-observer reproducibility of the measurements of the CSA using this system were high (r = 0.95 and r = 0.98, respectively). Measurements ofCBF velocity and estimation ofCBF. Diagnostic catheterization was performed by a femoral approach. A 8F angioplasty-guiding catheter was introduced into the left main coronary artery. A 3F Doppler flow velocity catheter (20 MHz Mikro-Tip Doppler catheter, model DC-20 1, Millar Instruments, Houston, TX) was introduced into the proximal LAD. A tip ofthe Doppler catheter was placed at the segment without atherosclerotic lesions and in the center of the lumen. The Dopplercatheter was then connected toa DC-101 Velocimeter (Millar Instruments) to obtain the mean and phasic velocity signals. Before beginning the protocol, the range gate was adjusted to obtain the high quality audio signals and phasic flow velocity waveforms. The position ofthe Doppler catheter and the range gate were not changed thereafter throughout the study. The use of this device to assess coronary blood flow velocity in humans has been described (32, 33) . The measurements of coronary blood flow velocity were done during continuous infusion of ISDN (40 ug/min) to minimize changes in diameter ofthe proximal LAD. In preliminary studies, we examined the effects of intravenous ISDN at the low dose on CBF response to ACH (10 Lg/min) and papaverine ( 10 mg) in four patients with angiographically normal coronary arteries, and found that the magnitudes of the increase in CBF evoked with these agonists did not change before and after ISDN. The percent increases in CBF evoked with ACH before and after ISDN were 373±93% and 345±61% (NS), respectively and those with papaverine before and after ISDN were 428±80% and 443±64% (NS), respectively. CBF was estimated from the product ofthe mean CBF velocity and the CSA of the LAD segment at the tip of the Doppler catheter. The increases in estimated CBF in response to ACH and papaverine were expressed as the percent increases from the baseline value.
Study protocol. Antianginal drugs such as nitrates and calcium channel blockers were discontinued 24 h before the study. Cardiac catheterization was performed in the fasting state after premedication with oral diazepam of 5 mg. The study was done after completion of diagnostic catheterization.
In 28 patients with and without mild atherosclerotic lesions in the study artery (Table I) , serial intracoronary administrations of drugs were performed in the following order: (a) A bolus injection of papaverine ( 10 mg/ 5 ml) through the guiding catheter. An additional papaverine administration at a dose of 12-14 mg was done if the percent increase in estimated CBF evoked with papaverine at a dose of 10 mg was < 400%; (b) infusion of saline (0.5 ml/min for 2 min) through the lumen of the Doppler catheter; (c) cumulative infusions of ACH (0.5 ml/min) at the doses of 1, 3, 10, and 30 gg/min (for 2 min at each dose) through the Doppler catheter. After completion ofthe study with Risk factors: number of coronary risk factors (see text). Atherosclerotic lesions in LAD: (-) no atherosclerotic lesions without luminal irregularity; (+) the presence of luminal irregularity (diameter stenosis of <25%); (++) the presence of diameter stenosis of 25-40%. one drug, we waited for at least 5 min before beginning infusion of the next drug, by which time the coronary diameter and CBF velocity returned to the baseline values. Each patient received all three drugs. In order to determine the maximal response, ACH at a dose of60 ,g/min was given to ten patients and confirmed that ACH at a dose of 60 ,ug/min did not increase estimated CBF more than that evoked with ACH at a dose of 30 ,g/min. Coronary arteriography was performed before and 1 min after papaverine and 2 min after saline or ACH. In particular, after infusion of ACH at the dose of 30 tg/min, coronary angiograms in several projections were taken to exclude the development of a flow-limiting constriction of the epicardial LAD. In five other patients with normal LAD and in five with mild atherosclerotic lesions in LAD, ergonovine at a dose of 10 ,g was infused by bolus into the left main coronary artery through the guiding catheter. Coronary arteriography was performed before and 2 min after ergonovine. This study was done to examine whether mild constriction of epicardial LAD by ergonovine affected baseline CBF and hyperemic response of CBF to the contrast medium (iohexol 7 ml). The same amount of iohexol was injected before and after ergonovine through the guiding catheter which was positioned at the same place. The mean and phasic CBF velocity, arterial pressure, heart rate, and standard 12-lead electrocardiograms were continuously monitored and recorded on a multi-channel recorder (polygraph system, Nihon Kohden, Tokyo). Values during a steady-state condition were used for later analysis. Statistical analysis. Data are expressed as mean±SD. We examined the effects ofrisk factors for coronary artery disease and mild atherosclerotic lesions in the proximal portion of the study artery on the maximum CBF response to ACH and CBF response to papaverine. Simple linear regression analysis was used to examine the effects ofcontinuous variables (the serum cholesterol level, baseline hemodynamic variables, and the baseline CSA) on the maximum CBF response to drugs. The total number of coronary risk factors (among the following factors: the total cholesterol level > 220 mg/dl, age 2 50 yr, a positive family history of coronary artery disease, hypertension, and cigarette smoking) was considered as a continuous variable and thus, examined by linear regression analysis. The unpaired Student's t test was used to examine effects of coronary risk factors (hypertension, age > 50 yr, smoking, family history, and gender) and proximal atherosclerotic lesions on the CBF response evoked with ACH or papaverine. Finally, the effects of various risk characteristics on the CBF responses to ACH and papaverine were examined by the multiple stepwise linear regression analysis. When serial changes in hemodynamic variables such as arterial pressure, heart rate, and the arterial CSA were compared between patients with and without proximal atherosclerotic lesions, analysis of variance (ANOVA) for repeated measures followed by Bon- (Table II) . The unpaired t test was used to examine the effect of atherosclerotic lesions and coronary risk factors on the large epicardial coronary artery response to ACH (Table III) . The probability level < 0.05 was considered as significant.
Results
Hemodynamic response. Intracoronary infusion of ACH did not alter mean arterial pressure and heart rate (Table II) . Infusion of papaverine did not significantly change heart rate, but slightly decreased mean arterial pressure (Table II) . Representative recordings of CBF velocity during ACH infusions in a patient are presented in Fig. 1 , which denotes the dose-dependent increases in CBF velocity evoked with ACH with no changes in mean arterial pressure and heart rate.
Effects ofcoronary riskfactors andproximal atherosclerotic lesions on large epicardial coronary artery response to ACH. ACH at the doses of 1 and 3 ,ug/min increased the CSA ofLAD and ACH at the doses of 10 and 30 ,g/min progressively de- creased the CSA in patients without atherosclerotic lesions in LAD (Table II ). In contrast, in patients with atherosclerotic lesions in LAD, ACH at graded doses consistently and progressively decreased the CSA (Table II) . The percent decreases in the epicardial CSA with graded doses of ACH were significantly greater in patients with atherosclerotic lesions in LAD than in those without (P < 0.01 by ANOVA). The CSA did not significantly change with papaverine.
The effects of atherosclerotic lesions and various coronary risk factors on the percent decrease in the epicardial CSA evoked with ACH at the dose that produced the maximum CBF response are presented in Table III . The percent decrease in the epicardial CSA evoked with ACH was greater in patients with atherosclerotic lesions, hypercholesterolemia, hypertension, and age _ 50 yr than those without, and was not different between patients with and without risk factors such as smoking, a family history of coronary artery disease, and male gender.
Effects ofcoronary riskfactors andproximal atherosclerotic lesions on CBF response to ACH. The percent maximum increase in CBF evoked with ACH and with papaverine in each patient are shown in Table I . The maximum increase in CBF with ACH varied widely from 50% to 660% among patients (Table I) . The averaged percent increases in CBF in patients with and without atherosclerotic lesions in LAD are shown in Table II . Saline infusion did not alter CBF. ACH at graded SALINE ACETYLCHOLINE 1 3 10 ECG AOP(mmHg) 1 doses resulted in the dose-dependent increases in CBF in the two groups, but the progressive increases in CBF in patients with atherosclerotic lesions in LAD were less than those in patients without atherosclerotic lesions in LAD (P < 0.01 by ANOVA). The percent increases in CBF with papaverine did not differ between patients with and without atherosclerotic lesions in LAD. The percent increases in CBF with papaverine in the two groups were comparable to those reported previously in patients without significant coronary artery disease (18, 19) .
The percent maximum increase in CBF evoked with ACH did not correlate with baseline hemodynamic variables such as heart rate, mean systemic arterial pressure, cardiac output, left ventricular filling pressure, and the baseline CSA of LAD (data not shown). The percent increase in CBF evoked with papaverine also did not correlate with these variables (data not shown). The percent maximum increase in CBF with ACH in patients with proximal atherosclerotic lesions in LAD ( 152±72%) was significantly less (P < 0.001 ) than that in patients without atherosclerotic lesions (442±131%) (Fig. 2) . The percent maximum increase in CBF in the two groups shown in Fig. 2 is not the same as the percent increase in CBF evoked with ACH at 30 ,ug/min shown in Table II , since the percent maximum increase in CBF was not necessarily evoked with the highest dose of ACH. The percent increase in CBF with papaverine did not differ between patients with and without atherosclerotic lesions in LAD (P = 0.24) (Table II, Fig. 2) . The percent maximum increase in CBF evoked with ACH correlated negatively with the serum cholesterol level (r = -0.52, P < 0.005) ( Fig. 3) . In contrast, no significant correlation was found between the percent increase in CBF evoked with papaverine and the serum cholesterol level. The percent maximum increase in CBF with ACH was significantly less (P < 0.001) in hypertensive (213±127%) than in normotensive patients (439±161%) (Fig. 4) . The percent increase in CBF evoked with papaverine in hypertensive patients (432±98%) tended to be less than that in normotensive patients (502±87%) (P = 0.057). However, the ratio of the maximum CBF response evoked with ACH to the CBF response evoked with papaverine was smaller (P = 0.004) in hypertensive patients (0.50±0.32) than in normotensive patients (0.87±0.29) Figure 3 . Scatter plots of the relation between the percent increase in CBF evoked with ACH and the serum cholesterol level (s). By simple linear regression analysis, there is a significant negative correlation between the percent increase in CBF evoked with ACH and the serum cholesterol level. However, no significant correlation is found between the percent increase in CBF evoked with papaverine and the serum cholesterol level (o).
( Fig. 4 ). Age greater than 50 years was associated with the impaired increase in CBF evoked with ACH (P < 0.01 ) as well as with papaverine (P < 0.05) (Fig. 5 ). However, the ratio of the maximum CBF response evoked with ACH to the CBF response evoked with papaverine was smaller (P < 0.05) in patients with age 2 50 yr than in those with age < 50 years (Fig.  5 ). Total number of coronary risk factors also correlated with the impaired maximum CBF response to ACH (r = -0.61, P < 0.001 ), whereas there was no significant correlation between total number of coronary risk factors and the CBF response to papaverine (Fig. 6 ). There was no significant difference in the Figure 5 . Comparison of the CBF response to ACH and papaverine between patients with their age 2 50 yr and patients with their age < 50 yr. Age 2 50 yr was associated with the impaired increase in CBF evoked with ACH (P < 0.01 ) as well as with papaverine (P < 0.05). However, the ratio of the maximum CBF response evoked with ACH to the CBF response evoked with papaverine was significantly (P < 0.05) smaller in patients with age _ 50 yr than in those with age < 50 yr. * P < 0.05; **P < 0.01 by unpaired t test.
maximum CBF response to ACH between patients with and without cigarette smoking or a family history of coronary artery disease (data not shown). Male gender also did not alter the maximum CBF response to ACH (data are not shown).
Multiple linear regression analysis revealed that the maximum CBF response evoked with ACH negatively correlated with the presence of atherosclerotic lesions in the proximal LAD (P < 0.01). The correlations between the CBF response evoked with ACH and other factors such as the serum cholesterol level, hypertension, age ' 50 yr, and total number ofcoronary risk factors were not significant by multiple regression analysis. Comparison of the percent increases in CBF evoked with ACH and papaverine between hypertensive and normotensive patients. Hypertensive patients have a significantly attenuated CBF response to ACH as compared to normotensive patients. Although the difference in the CBF response to papaverine between the two groups approaches a significant difference (P = 0.057), the ratio of the percent maximum increase in CBF evoked with ACH to the percent increase in CBF evoked with papaverine is significantly (P < 0.01) smaller in hypertensive patients than in normotensive patients. **P < 0.01 by unpaired t test. Effects ofergonovine-induced constriction ofthe large epicardial coronary artery and CBF. An injection of ergonovine ( 10 jig) into the left main coronary artery decreased the CSA in LAD by 24±10% in patients with normal LAD and 30±9% in patients with atherosclerotic lesion in LAD (NS vs. patients with normal LAD), which were comparable with maximum vasoconstriction induced by ACH in patients with and without atherosclerotic lesions in LAD. Ergonovine did not changed baseline CBF. The hyperemic increases in CBF velocity evoked with the contrast medium were comparable before and after ergonovine ( 196±37 and 230±40% [NS] in patients with normal LAD, and 224±41 and 240±45% [NS] in patients with atherosclerotic lesions in LAD, respectively). We did not assess the changes in CBF evoked with the contrast medium, because changes in arterial CSA were not assess by repeating arteriography before and immediately after the injection of contrast medium. However, it is assumed that changes in CBF velocity evoked with the contrast medium seem to be nearly identical with those in CBF, because the contrast medium per se may have little effect on the CSA.
Discussion
The major finding of this study is that the presence of mild atherosclerotic lesions in the study coronary artery was associated, by multiple regression analysis, with the attenuated increase in estimated CBF evoked with intracoronary ACH. In addition, hypertension, hypercholesterolemia, age _ 50 yr, and total number of coronary risk factors also correlated with the impaired increase in CBF evoked with ACH by univariate analysis. In contrast, the increase in CBF with papaverine was not significantly altered by the presence of mild atherosclerotic lesions, hypertension, hypercholesterolemia, or total number of coronary risk factors. These results suggest that the presence of mild atherosclerotic lesions in the study artery and some coronary risk factors impair endothelium-dependent vasodilation of coronary resistance arteries. In Discussion that follows, we will consider the validity ofthe methods employed in the study and the new findings in light of previous observations. We made several assumptions in the methods to assess the magnitude of endothelium-dependent vasodilation of coronary resistance arteries. First, it was assumed that ACH dilated coronary resistance arteries by means of the endothelium-dependent mechanism. This assumption appears reasonable, because it has been shown that ACH-induced dilation of resistance arteries was prevented by hemoglobin, methylene blue, and a L-arginine analogue (26) (27) (28) (29) . In humans, the increase in forearm blood flow evoked with ACH was inhibited by L-N0monomethyl-arginine (18) , which inhibits the conversion from L-arginine to nitric oxide in endothelial cells. Hodgson and Marshall (34) showed in humans that the increases in CBF evoked with ACH were inhibited after pretreatment with methylene blue.
Second, it was assumed that the increases in CBF evoked with drugs reflected vasodilation ofcoronary resistance arteries and were not limited by organic or dynamic stenosis in the proximal large epicardial coronary artery. In fact, the presence of mild atherosclerotic lesion in the study artery did not significantly limit CBF response to papaverine (Table II) . However, we should consider the possibility that dynamic stenosis of the proximal LAD evoked with ACH might have limited the in-crease in CBF with ACH. As shown previously (14) (15) (16) 34) , we confirmed that ACH at the high doses constricted the large epicardial coronary artery, and the degrees of vasoconstriction evoked with ACH at the high doses were greater in patients with proximal atherosclerotic lesions than in those without (Table III); the presence of risk factors such as hypercholesterolemia, hypertension, and age ' 50 yr was associated with a greater decrease in the epicardial CSA evoked with ACH. However, the percent reduction in the CSA evoked with ACH was small so that presumably it would not attenuate CBF (35) . We showed that comparable vasoconstriction of proximal artery evoked with ergonovine did not affect the increase in CBF evoked with the contrast medium. Tatineni et al. (36) demonstrated that diffuse narrowing of LAD with a 12±5% decrease in the diameter (comparable to the decrease in CSA by ACH in our patients with atherosclerotic lesions in LAD), that was caused by an intravenous administration of ergonovine (0.4 mg), did not attenuate the maximal hyperemic CBF response with papaverine (10 mg). Thus, we consider it unlikely that limited CBF response to ACH in patients with atherosclerotic lesions in proximal LAD resulted from mild vasoconstriction of proximal LAD induced by ACH.
Third, we also assumed that the continuous infusion of ISDN at the low dose did not modify CBF response to ACH and papaverine, in that it is demonstrated that nitrate compounds at low doses dilate preferentially large epicardial coronary arteries and have little effect on resistance arteries (32-34, 37, 38) . In fact, we found in the preliminary studies that ISDN at the low dose used in this study did not alter the magnitude of the percent increase in CBF in response to ACH or papaverine. Fourth, we estimated CBF from the product of mean CBF velocity and the CSA at the tip of the Doppler catheter. The CSA was carefully assessed by use of a cinevideodensitometric analysis system. CBF velocity was recorded by use of an intracoronary Doppler catheter (32, 33) . It has been shown that relative changes in CBF velocity recorded by the intracoronary Doppler catheter correlate highly with changes in CBF velocity measured by an epicardial suction Doppler probe and with changes in coronary sinus blood flow assessed by time-volume collections (32) . Furthermore, in this study, the results with papaverine served as internal control for those with ACH, since each patient received both ACH and papaverine infusion. We analyzed the results with ACH in reference to those with papaverine.
An important finding in this study is that the presence of atherosclerotic lesions in the proximal portion of the study artery was associated with impaired CBF response to ACH by multiple regression analysis. The percent increase in CBF with papaverine did not differ with and without proximal atherosclerotic lesions. As we previously discussed, we consider it unlikely that impaired CBF response to ACH in patients with proximal atherosclerotic lesions resulted from mild vasoconstriction in proximal artery induced by ACH. These results suggest that endothelium-dependent dilation ofresistance coronary arteries evoked with ACH was impaired in the presence of mild upstream atherosclerotic lesions. Our results in humans seem to be the foremost confirmation of animal studies by Harrison et al. (28) and Chilian et al. (29) , who demonstrated impaired endothelium-dependent relaxation ofresistance coronary arteries in atherosclerotic Monkeys with histologic evidence of atherosclerosis in the proximal coronary artery, indi-cating that the pathophysiology of atherosclerosis may extends into the coronary microcirculation. Our results are compatible with the findings of a recent study by Zeiher et al. (30) , who demonstrated that vasodilator capacity of resistance coronary artery to ACH was less in normocholesterolemic patients with mild coronary artery disease than those without. However, in the study by Zeiher et al. (30) , the mean ages significantly differed between the two groups, which might have contributed to the difference in the endothelium-dependent dilation of the coronary microvasculature between the two groups. Nevertheless, the present study and the study by Zeiher et al. (30) have provided evidence suggesting that the presence ofproximal atherosclerosis is associated with altered endothelial function of resistance coronary artery in humans, a unique finding implying that functional states of resistance coronary artery are affected by the presence of proximal atherosclerosis.
The precise mechanisms underlying the impaired increase in CBF evoked with ACH in the presence of proximal atherosclerotic lesions cannot be deduced from our study. However, there are several mechanisms that may possibly explain this finding. First, it is possible that patients with mild atherosclerotic lesions in large epicardial coronary arteries might have diffuse atherosclerotic changes in epicardial as well as resistance coronary arteries compared to patients with angiographically normal coronary arteries. Atherosclerotic change in resistance artery might be associated with the reduced release of endothelium-derived relaxing factors or greater constriction of vascular smooth muscle in response to ACH so that increase in CBF evoked with ACH were limited. Indeed, experimental studies have indicated that mild atherosclerosis impairs endothelium-dependent dilation as well as augments constricting response of vascular smooth muscle to vasoactive substances (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Second, it is possible that the resistance coronary arteries might have been exposed to the increased concentrations of vasoconstricting substances such as endothelium-derived, platelet-and/or macrophage-derived vasoconstricting factors which might be activated at the upstream atherosclerotic lesions (39) . These vasoactive substances might have impaired endothelial function of peripheral coronary arteries. Further studies are needed to clarify the mechanism underlying endothelial dysfunction ofresistance coronary artery in the presence of proximal atherosclerotic lesions.
Other interesting findings of this study are that coronary risk factors including hypercholesterolemia, hypertension, age _ 50 yr and total number of risk factors were associated with attenuated CBF response to ACH by univariate analysis. The percent increase in CBF with papaverine was not altered by hypercholesterolemia or total number of coronary risk factors.
There was a trend of impaired CBF response with papaverine in patients with hypertension and ofage _ 50 yr. However, the ratio of CBF response with ACH to that with papaverine was lower in patients with hypertension and of age _ 50 yr than those without hypertension and of age < 50 yr, respectively. These results suggest that these coronary risk factors were associated with endothelial dysfunction ofcoronary resistance arteries. Our results are consistent with the previous findings, in which hypercholesterolemia and hypertension are associated with impaired endothelium-dependent vasodilation of resistance arteries in animals and humans in coronary and peripheral vascular beds (24) (25) (26) (27) (28) (29) (40) (41) (42) . Vita et al. (16) have recently shown in humans that coronary risk factors (hypercho-lesterolemia, male gender, family history of coronary artery disease, and age) were associated with loss of endothelium-dependent vasodilation oflarge epicardial coronary artery evoked with ACH. Thus, the results ofthis study and those ofVita et al. ( 16) suggest that coronary risk factors alter endothelial function of epicardial as well as resistance coronary arteries in humans. However, this study included patients with and without mild atherosclerotic lesions in the study artery, and the patients without atherosclerotic lesions in the study artery had atherosclerotic lesions in other coronary branches. In order to better define the association between the CBF response to ACH and the coronary risk factors, further studies are needed in the patients who have angiographically normal coronary arteries.
The present study may have important clinical implications, because endothelium-derived relaxing factors plays an pivotal role in myocardial perfusion (21-23). Indeed, basal coronary flow and reactive hyperemia was attenuated in isolated hearts after inhibition of nitric oxide synthesis with a L-arginine analogue (43) . Kuo et al. (44) suggested that impaired endothelium-dependent vasodilating responses of coronary microvessels isolated from atherosclerotic pigs were restored after administration of L-arginine. A recent clinical study by Nabel et al. (45) suggested that increases in heart rate and myocardial oxygen consumption by rapid atrial pacing were associated with the attenuated increase in CBF in patients who had mild atherosclerotic lesions in the proximal epicardial coronary artery, compared with control patients who had angiographically normal coronary arteries. In conclusion, our results suggest that in humans endothelium-dependent vasodilation of coronary resistance arteries evoked with ACH is impaired with the presence of angiographical evidence of early atherosclerosis in the proximal study artery and coronary risk factors such as hypertension, aging, and hypercholesterolemia. Endothelial dysfunction of coronary resistance arteries may result in altered regulation of myocardial perfusion and thus contribute to the pathogenesis of myocardial ischemia in patients with mild coronary atherosclerosis and coronary risk factors.
